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1. Introduction {#sec1}
===============

Cycads represent an ancient lineage originating around 250 million years ago (Ma), although recent studies date the crown age of most extant cycad species to around 12 Ma, much younger than proposed by the 'Miocene radiations' hypothesis ([@bib45], [@bib55]). Regardless, even though Cycadales have undergone rapid diversification, most species remain endangered. As the most threatened group in gymnosperms, 88% of cycads ([@bib27]) are threatened with extinction, which is mainly due to human activities including habitat disturbance, over-collecting for ornamental and medical purposes ([@bib42]).

*Cycas panzhihuaensis* L. Zhou & S. Y. Yang, the only species from *Cycas* sect. *Panzhihuaenses* (D.Yue Wang) K.D.Hill, is sister to two coastal species in China and Japan from *C*. sect. *Asiorientales* Schuster, *Cycas* *revoluta* and *Cycas* *taitungensis*, and seems to be the earliest diverged species from *Cycas* ([@bib41]). There seems to be great discrepancy in the genetic patterns between these two coastal species (*C. revoluta* and *C. taitungensis*) and other species distributed in the southwest China due to the differences in historical topography and the evolutionary process of species. The two coastal species were considered to have experienced population expansion in Quaternary glaciation, characterized by high gene flow, shared alleles among populations, and no significant genetic structure among populations ([@bib26], [@bib74]). Correspondingly, population retreating was generally detected in southwest China *Cycas* species, with large genetic differences and significant genetic structure among populations ([@bib90]). However, few studies have examined the genetic characteristics of populations of *C. panzhihuaensis*is, which is the inland species most closely related to coastal *Cycas* species.

In addition, the habitat of *C. panzhihuaensis* is xerothermic valley along the Jinsha River in southwest China, a basal zone adjacent to the Hengduan Mountains Region. This northernmost dry hot valley is a fragile ecosystem inhabited by a high number of endemic and endangered plant species ([@bib30], [@bib78]), suggesting that the valley was a refugium in the quaternary glacial period ([@bib88]). Given the fragmented habitat and limited gene flow among populations that result from the precipitous terrains and deep gorges, the endemic flora of this region occupies generally low levels of genetic diversity within populations and high genetic differentiation among populations, with a correlation between lineages and geographic distribution ([@bib88]), e.g., in the cases of *Munronia delavayi* ([@bib29]), *Aristolochia delavayi* ([@bib76]) and *Psammosilene tunicoides* ([@bib86]). Comparing the population genetic diversity, genetic structure, and population dynamics of *C. panzhihuaensis* with other endemic species from the dry hot valley would help elucidate the role of geological, climatic, and evolutionary factors in shaping the population history of *Cycas* species.

The population of *C*. *panzhihuaensis* is vulnerable and has suffered serious declining in previous 40 years for illegal trading since it was described in 1980s ([@bib91]), after the cycads became popular in horticulture in China since 1970s. Combined with frequently deforestation, grazing, agricultural reclamation and mining, half of primitive habitat was decreased (45.22% estimated by [@bib24], 20%--50% by [@bib25]). [@bib24] found that only five of the 13 populations remained by 1999. Through a comprehensive investigation along the Jinsha River basin, *C. panzhihuaensis* was mainly found to restrict in the Sichuan Panzhihua Cycad Natural Reserve, which the census population size (*N*c) is large to 240,000, with other isolated populations only accounting for about 1% individuals ([@bib23]).

Several studies have been conducted on *C. panzhihuaensis* previously including geographical distribution ([@bib24]), habits ([@bib92]), morphological characteristics ([@bib38]; [@bib70]), breeding ([@bib40], [@bib64], [@bib67]; [@bib81]) and community characteristics ([@bib23], [@bib66]) as well as the whole chloroplast (cp) genome sequencing and characterization ([@bib22]). The genetic diversity of this species has also been reported in a series of studies. Relatively high level of genetic variation (percentage of polymorphic loci %*P* = 90.38%) was found in population Panzhihua Natural Reserve using 13 inter-simple sequence repeat (ISSR) markers ([@bib69]). Subpopulation structure in this reserve was explored and two evolutionary significant units were defined via amplified fragment length polymorphism (AFLP) ([@bib77]). However, the above studies only included one wild population, as most wild populations are facing their risk of extinction. [@bib83] performed a genetic diversity analysis of this species by sampling seven populations ([@bib83], unpublished). However, this study was conducted basing on two chloroplastic DNA markers with limited variation sites, which made their conclusions less comprehensive and convincing. Considering the declining population size and extinction risk of *C. panzhihuaensis*, a more comprehensive revisiting and survey on the population genetics of this species by applying more informative molecular data is urgently required.

In this study, we characterized the population genetic diversity, genetic structure, and population dynamics of all populations of *C. panzhihuaensis* using three sets of molecular markers. Our findings allow us to compare genetic characteristics of *C. panzhihuaensis* with other *Cycas* species or taxa that live in similar habitats, determine how populations in small size affect conservation guidelines, and understand how different sets of molecular data affect determination of key parameters when examining population genetic characteristics in *Cycas*.

2. Materials and methods {#sec2}
========================

2.1. Sampling {#sec2.1}
-------------

All individuals in this study were collected from seven locations located in either Yunnan or Sichuan province, China. Five of these populations are wild, whereas two populations, JPD and GH, are cultivated. Cultivated plants were sampled because the nearby habitats were completely destroyed. From each population, 10 and 20 individuals were randomly selected for nucleotide sequencing and microsatellite data analysis, respectively. All individuals were used in populations with less than 10--20 individuals. In total, we sampled 102 adult individuals for microsatellite analysis and 61 adult individuals for chloroplast and nuclear DNA sequencing. Details of populations and sample sizes (*N*) are shown in [Table S1](#appsec1){ref-type="sec"}.

2.2. DNA extraction and PCR amplification {#sec2.2}
-----------------------------------------

Total DNA was extracted from leaves dried in silica and stored at −20 °C using a modified CTAB method ([@bib6]). For all analyses of C. panzhihuaensis populations, we screened each population using three chloroplast DNA (cpDNA) intergenic spacers, psbA-trnH, psbM-trnD, and trnS-trnG ([@bib21]; [@bib61]); four low-copy nuclear genes (nDNA), *PHYP* (phytochrome P gene), *AC5* (*Cycas revoluta* actin 5), *HSP70* (heat shock protein 70 kDa gene), and *AAT* (aspartate aminotransferase) (unpublished); and 11 nuclear SSR markers with high polymorphism ([@bib36], [@bib68], [@bib75], [@bib84], [@bib85]). Previous studies have used these molecular markers to analyze both the phylogeny and population genetics of Cycadaceae ([@bib11], [@bib15], [@bib41], [@bib56], [@bib89]). Previous studies have used these molecular markers to analyze both the phylogeny and population genetics of Cycadaceae ([@bib11], [@bib15], [@bib41], [@bib56], [@bib89]). Primer information is listed in [Table S2](#appsec1){ref-type="sec"} and [Table S3](#appsec1){ref-type="sec"}.

For nDNA, the PCR reaction mix contained 3.0 μL 10 × PCR buffer, 2.25 μL MgCl~2~, 2.25 μL dNTP, 2.25 μL DMSO/BSA, 0.6 μL of each primer, 0.6 μL Taq DNA polymerase (5 U/μL; TsingKe Biological Technology, Kunming, China), 10--50 ng DNA and replenished double-distilled water to a total volume of 30 μL. PCR sequence amplifications for nDNA were an initial 5 min denaturation at 94 °C; 35 cycles of 5 min denaturation at 95 °C, 1 min annealing at 50--55 °C, and 2 min extension at 72 °C; with a final 10 min extension at 72 °C. For cpDNA, the PCR reaction mix contained 3.0 μL 10 × PCR buffer, 1.5 μL MgCl~2~, 1.5 μL dNTP, 1.5 μL DMSO, 0.45 μL of each primer, 0.45 μL Taq DNA polymerase (5 U/μL), 10 ng DNA and 19.5 μL double-distilled water to a total volume of 30 μL. PCR sequence amplifications for cpDNA were initiated with a 5-min denaturation at 80 °C; 30 cycles of 5 min denaturation at 95 °C, 1 min annealing at 50--55 °C, and 1.5 min extension at 65 °C; with a final 1.5 min extension at 65 °C. The PCR products were purified and sequenced in both directions by TsingKe Biological Technology, Kunming, China. For microsatellite markers, primers were labeled fluorescently with FAM, capillary electrophoresis was performed with ABI 3730xl DNA analyser, and SSR fragments were analysed using Genemapper 4.0 at Shanghai Majorbio Bio-pharm Technology Company Ltd. GenBank accession numbers of the DNA sequences used in this study are available in [Table S2](#appsec1){ref-type="sec"}.

2.3. Data analysis {#sec2.3}
------------------

### 2.3.1. Nucleotide sequence {#sec2.3.1}

Nucleotide sequences were visually adjusted and generated by SeqMan ([@bib62]) in DNASTAR biological information package, and aligned using clustal W ([@bib65]) with subsequent manual adjustment in BioEdit v7.0.4.1 ([@bib96]). Before the combination of sequence data, the incongruence length difference test ([@bib2]) was conducted by PAUP v4.0 ([@bib63]) with a heuristic search and 100 replicates to verify the congruency of different markers. After the test, the three cpDNA fragments (P = 1.00), as well as three nuclear gene sequences *AC5*, *HSP70*, and *AAT* (P = 0.86), were combined by PAUP v4.0. The combined nDNA matrix was named N3 for subsequent analysis and *PHYP* was analyzed separately as this nuclear gene was incongruent with other nuclear genes (P \< 0.05). To estimate the genetic diversity and differentiation level of *C. panzhihuaensis*, the nDNA sequences were phased and the nucleotide diversity (*π*) and haplotype diversity (*H*d) ([@bib94]) of nucleotide sequences were calculated using DnaSP v5.0 ([@bib54]). The total genetic diversity (*H*~T~), genetic diversity within populations (*H*~S~), and the coefficient of genetic differentiation for non-ordered alleles (*G*~ST~, *N*~ST~) were calculated using Permut v1.0 ([@bib49]). The genetic variations within and among populations were evaluated by AMOVA in Arlequin v3.11 ([@bib57]). The *F*~ST~ acquired from AMOVA analysis was used to calculate the gene flow (*N*m) via the formula *N*m = (1−*F*~ST~)/4*F*~ST~ ([@bib73]). The correlation of geographic distance and genetic distance among populations of *C. panzhihuaensis* was detected by Mantel tests in GenAlEx package v6.5 ([@bib93]), which evaluated the isolation by a distance (IBD) model.

Maximum Parsimony (MP) 50% majority trees and Bayesian trees were constructed to infer the relationship of haplotypes by using *Cycas* *guizhouensis* Lan & R.F. Zou as an outgroup. The optimal substitution model of each dataset was tested by IQ-TREE Modelfinder ([@bib32]). For the MP trees, the aligned dataset was input to PAUP v4.0 and a multi-tree heuristic search was conducted with 1000 replicates of bootstrap analysis. Ten trees were retained at each step and tree-bisection-reconnection (TBR) branch swapping was engaged in the following analyses. Bayesian inference was implemented in MrBayes v3.2.1 ([@bib14]), Markov chain Monte Carlo (MCMC) was run for 10^6^ generations and trees were sampled every 100 generations, with the first 2500 trees discarded. The unrooted phylogenetic relationship network plots among haplotypes were generated by NETWORK v 5.0.0.0 ([@bib12]) and artificially adjusted, with indel(s) treated as single mutation events.

The Bayesian method implemented in BEAST v1.84 ([@bib7]) was used to estimate the coalescence time across haplotypes (the most recent common ancestor, TMRCA) of *C. panzhihuaensis*, with a strict clock model and a Constant Size Process tree model prior as suggested for cycads ([@bib4]). *C. guizhouensis* was also used as a reference outgroup to estimate the divergence between these two species, as haplotypes of *C. revoluta* could not be separated from those of *C. panzhihuaensis* because of still scarce data and the recent radiation of this genus. The best-fit model in BEAST (HKY, Hasegawa-Kishino-Yano model applied to cpDNA, *PHYP* and N3) was also defined by IQ-TREE Modelfinder ([@bib32]) according to the Bayesian Information Criterion (BIC). Because there is no substitution rate of closer taxa that can be applied to *Cycas*, and no exact divergence time could be applied to the split of *C. panzhihuaensis* and its outgroup, we adopted the average nucleotide synonymous substitution rate estimated as 6.7 × 10^−10^ per site per year mutation for nDNA to estimate the haplotype divergence, which we derived from the average rates of Cycadales ([@bib5]). The three chloroplastic sequences used in this study (*psb*A-*trn*H*psb*M-*trn*D, and *trn*S-*trn*G) were also available for *Cycas* *angulata* and *Cycas* *bifida* from GeneBank. We estimated the nucleotide substitution rates of these three cp markers as 2.14 × 10^−10^ using the same formula as in [@bib5] based on the estimated divergence time of these two species (12Ma) in [@bib55]. Three independent MCMC runs were performed and combined with each run for 10^8^ generations and sampled every 10^4^ generations in BEAST. We used Tracer, v1.7 ([@bib95]) to check if the parameters converged and the effective sample size (ESS) exceeded 200, which indicates that there is acceptable mixing and sufficient sampling. The BEAST tree was generated after the first 25% of trees were discarded as burn-in.

To infer the past population fluctuation events of *C. panzhihuaensis*, we used DnaSP v5.0 to calculate Tajima\'s D and Fu\'s Fs neutrality tests and to generate mismatch distributions plots, and calculated the sum of squared deviation (SSD) and Harpending\'s raggedness (r) of mismatch distributions by Arlequin v3.11 ([@bib57]). Meanwhile, the Bayesian Skyline Plot (BSP) analyses based on all individuals from different datasets (cpDNA, *PHYP* and N3) were performed in BEAST v1.84 to generate the historical demographical plot of *C. panzhihuaensis*. Posterior distributions of priors were obtained by MCMC analyses with a total of 10^8^ generations and sampled every 10^4^ generations under a strict clock prior and HKY nucleotide substitution model. The effective sample sizes (ESS\>200) and convergence to the stationary distribution were also examined in Tracer, v1.6.

### 2.3.2. Microsatellite data analysis {#sec2.3.2}

The microsatellite data was firstly used to evaluate the genetic diversity and differentiation by GenAlEx v6.3. The AMOVA analysis and calculations of gene flow were the same as the nucleotide sequence. Additionally, the Bayesian clustering method was also conducted in STRUCTURE v2.2 ([@bib50]) to group the genetic component of all seven populations by microsatellite data. Twenty separate runs with group number K from one to ten were performed. Each run was estimated as 10^5^ MCMC steps and a 10^5^ iterations burn-in. The best fit number of genetic clusters was deduced by ΔK using STRUCTURE HARVESTER ([@bib8]). Principal coordinate analysis (PCoA) based on all individuals was also generated by MVSP v3.12 ([@bib35]) and compared with the STRUCTURE grouping analyses. The BOTTLENECK v1.2.02 ([@bib48]) software was used to reveal possible severe and recent bottleneck events at the population level based on the heterozygosity excess test. The Sign tests and Wilcoxon sign rank tests were performed under the stepwise mutation model (SMM) and two-phased model (TPM). In addition, we used the Garza-Williamson index (GWI; M-ratio) implemented in Arlequin v3.1 to detect any early shrink in population size of *C. panzhihuaensis*. GWI is the ratio of allelic number to range in allele size and the loss of alleles of different lengths will lead to the asynchronous changes of the two values. As a reference, GWI below 0.68 index suggests a relative early reduction in population size when more than seven loci are analyzed ([@bib57]). In addition, to estimate effective population sizes of different *C. panzhihuaensis* populations (*N*e), we used LDNeInterface v1.3.1 ([@bib71]), which implemented the linkage disequilibrium (LD) method at a comparison-wise 0.01 level of lowest allele frequency for a 95% confidence interval.

3. Results {#sec3}
==========

3.1. DNA sequences characterization {#sec3.1}
-----------------------------------

The combined cpDNA alignment of *psb*A-*trn*H, *psb*M-*trn*D and *trn*S-*trn*G was 2741 bp, and 137 bp of variable sites were detected. Among these variable sites, four substitutions and three inserts/indels from combined cpDNAs generated 10 haplotypes in seven populations of *C. panzhihuaensis*. The cpDNA haplotype Hap1 (cp_H1) is the most widely shared haplotype, which was detected in three populations (PDH, DSS and GH). Haplotype cp_H2 was shared by two populations (PZH and SL). The remaining haplotypes were specific to single populations ([Table S1](#appsec1){ref-type="sec"}, [Fig. 1](#fig1){ref-type="fig"}a).Fig. 1Geographical distributions of haplotypes identified in seven populations of *C. panzhihuaensis* (a) cpDNA; (b) nDNA *PHYP*; (c) N3. Blue lines represent Jinsha River and its tributaries. Frequencies of haplotypes in each population are indicated by the proportions of pie diagrams. DSS, Dasongshu town; PDH, Puduhe zones, Natural Reserve of Jiaozishan; PZH, Natural Reserve of Panzhihua; WQ, Wenquan town; SL, Songling town; JPD, Jiaopingdu town; GH, Guanhe town. Maps were drawn by ArcGIS v10.2 (<http://desktop.arcgis.com>).Fig. 1

*PHYP* sequence was aligned with a length of 1007 bp containing 42 polymorphic sites, and five haplotypes were derived from the seven populations. The most common haplotype, P_H1, occurred in all populations. P_H3 was shared by three unprotected populations (WQ, SL and GH); P_H2 was private to one population (PZH); and P_H4 and P_H5 were only found in one population (SL) ([Fig. 1](#fig1){ref-type="fig"}b). The nuclear genes *AC5*, *HSP70* and *AAT* were aligned as 862 bp, 716 bp, and 571 bp respectively. When combined, the matrix was 2149 bp in length, containing eight polymorphic sites in total. For the combined three nuclear genes, we found 11 haplotypes from seven populations. Among them, N3_H1 and N3_H2 were the most widely distributed haplotypes, which were detected in six and four populations respectively. In contrast, N3_H5 and N3_H6 were only found in PZH, N3_H8 only occurred in WQ, and N3_H9, N3_H10 and N3_H11 were only detected in GH ([Fig. 1](#fig1){ref-type="fig"}c).

3.2. Genetic diversity and differentiation {#sec3.2}
------------------------------------------

We found higher total nucleotide diversity (*π*) and higher haplotype diversity (*Hd*) of *C. panzhihuaensis* in combined cpDNA (*π* = 0.00250, *Hd* = 0.8033) than nDNA (*PHYP*: *π* = 0.00040, *Hd* = 0.3302; N3: *π* = 0.00056, *Hd* = 0.7350) ([Table 1](#tbl1){ref-type="table"}). Populations WQ, SL and GH displayed haplotype variation at the cpDNA level ([Table S1](#appsec1){ref-type="sec"}). For nuclear DNA, populations PZH, WQ, SL and GH showed haplotype variation from *PHYP*, and six populations except JPD showed haplotype variation, which was revealed by N3. Results of cpDNA, nDNA and microsatellites were consistent, with three small and unprotected populations (WQ, SL and GH) displaying higher within-population haplotype differentiation, and population SL possessing the most private haplotypes in all datasets. Population SL also had the highest genetic diversity detected by SSR ([Table 2](#tbl2){ref-type="table"}).Table 1Parameters of genetic diversity and genetic differentiation for the combined cpDNA, nDNA *PHYP*, and three combined nDNA markers (N3) in seven populations of *C. panzhihuaensis*.Table 1Marker*Hdπ* × 10^3^*H*~S~*H*~T~*G*~ST~*N*~ST~U testcpDNA0.80332.590.235 (0.1168)0.881 (0.0926)0.733 (0.1314)0.782 (0.1298)non-significant*PHYP*0.33020.40.257 (0.1025)0.366 (0.1133)0.296 (0.0480)0.296 (0.0652)non-significantN30.73500.560.506 (0.1016)0.769 (0.1078)0.342 (0.0919)0.420 (0.1202)non-significant[^1]Table 2Parameters of genetic diversity and genetic differentiation for 11 microsatellite markers in seven populations of C. *panzhihuaensis*.Table 2Pop*N%PN*a*N*e*IH*o*H*e*FN*eMeanSEMeanSEMeanSEMeanSEMeanSEMeanSEDSS2063.64%1.9090.2511.6050.1790.4610.1160.2860.0950.2980.0750.0610.1600.9PDH2072.73%2.5450.4551.5890.2040.5150.1370.1180.0280.2820.0730.4560.1003.3PZH2072.73%3.2730.6621.8610.4090.6060.1750.1820.0600.3060.0820.4400.12617.6WQ2081.82%2.8180.5361.9530.3790.6300.1620.2360.0640.3530.0810.3470.11715.4SL1190.91%3.2730.5242.3730.3740.8250.1790.1070.0420.4450.0900.6430.1261.8JPD672.73%2.0910.3151.8350.2650.5520.1390.2270.0790.3470.0810.2460.180--GH554.55%1.9090.3151.5410.1780.4280.1340.1640.0650.2620.0790.3020.165--Total10272.73%2.5450.1781.8220.1130.5740.0560.1890.0250.3280.0300.3740.05439.0[^2]

The total genetic diversity of *C. panzhihuaensis* inferred by chloroplast and nuclear DNA data was higher than average intrapopulation diversity (cpDNA: *H*~T~ = 0.881, *H*~S~ = 0.235; *PHYP*: *H*~T~ = 0.366, *H*~S~ = 0.257; N3: *H*~T~ = 0.769, *H*~S~ = 0.506) ([Table 1](#tbl1){ref-type="table"}), which was consistent with AMOVA analysis ([Table 3](#tbl3){ref-type="table"}). For cpDNA, nearly 87% of variations existed among populations, with only 13% occurring within populations. For nuclear DNA, in contrast, the variations among-population and within-population were 32.73% vs 67.27% (*PHYP*) and 40.83% vs 67.27% (N3), respectively, showing higher levels of intra-population variation than inter-population variation of nDNA. The estimated gene flow of each dataset was less than 1, and *F*~ST~ for each dataset was more than 0.25, suggesting high levels of differentiation among populations ([Table 3](#tbl3){ref-type="table"}).Table 3Results of analysis of molecular variance (AMOVA) of combined cpDNA, nuclear gene *PHYP*, combined nDNA sequences (N3) sequences and microsatellite markers of *C. panzhihuaensis.*Table 3MarkersSource of variationd.f.Sum of squaresVariance componentsPercentage of variation (%)*F*~ST~*N*mcpDNAAmong populations6157.1662.98086.600.8660.039Within populations5424.9000.46113.40*PHYP*Among populations6211.4811.82432.730.3270.514Within populations115431.1503.74967.27N3Among populations629.8480.26640.830.4080.362Within populations11544.3000.38559.17microsatelliteAmong populations6165.2580.91233.060.3310.506Within populations197363.8301.84766.94[^3]

3.3. Genetic structure of populations {#sec3.3}
-------------------------------------

No significant difference was detected between each pair of *G*~ST~ and *N*~ST~ of *C. panzhihuaensis* ([Table 1](#tbl1){ref-type="table"}), implying that this species has no phylogeographical pattern. Furthermore, Mantel tests based on all DNA datasets detected no significant correlation between genetic distance and geographical distance (P \> 0.05) ([Fig. S1](#appsec1){ref-type="sec"}), which indicates a non-significant effect of the isolation by distance (IBD) model.

Based on the ΔK method in STRUCTURE analysis, the optimal and sub-optimal K values were five and two respectively ([Fig. 2a,](#fig2){ref-type="fig"} b). For the other K value options, inconsistent clustering results were encountered. Under the K = 2 scenario ([Fig. 2](#fig2){ref-type="fig"}c), population PDH, as well as half of the SL population component, were divided from other populations. For the result K = 5, all 102 individuals from seven populations were generally grouped into five clusters, corresponding to DSS, PDH, PZH, WQ and part of SL. Individuals from JPD and part of SL were closer to PZH, and GH shared similar components with DSS. PCoA analysis, however, showed that all individuals are roughly divided into four subgroups: DSS with GH, PDH, half of SL with PZH, plus JPD, plus WQ, and the other part of SL ([Fig. 2](#fig2){ref-type="fig"}d). The WQ population was judged as unique by STRUCTURE analysis.Fig. 2STRUCTURE analyses and Principal Coordinate Analyses of 102 individuals from seven populations of *C. panzhihuaensis* based on phenotypes of 11 microsatellite markers. Determining the optimal K value using mean likelihood L(K) (a) and delta K values (b) generated by STRUCTURE HARVESTER, with 20 replications, respectively; (c) results of the STRUCTURE analyses (K = 2 and k = 5); (d) Principal coordinate analysis.Fig. 2

3.4. Haplotype phylogeny and network analysis {#sec3.4}
---------------------------------------------

The network inferred from cpDNA showed a relatively closer relationship between private haplotypes within each population (cp_H3-5 from WQ and cp_H6-8 from SL), and all private haplotypes shared distant relationships with more widely shared Hap_1 ([Fig. 3](#fig3){ref-type="fig"}a). For *PHYP*, a missing haplotype occurred between the widely shared P_H1, P_H3 and private P_H4-5, which belong to SL ([Fig. 3](#fig3){ref-type="fig"}b). For the combined N3, the most widely shared haplotype N3_H1 and N3_H2 were located at the center of the network, connecting the other private haplotypes in a ring-and-star manner by one step ([Fig. 3](#fig3){ref-type="fig"}c).Fig. 3Phylogenetic relationship and median-joining network of haplotypes. (Left) Phylogenetic relationship of haplotypes based on Bayesian Inference (BI) and Maximum Parsimony (MP) with *Cycas guizhouensis* used as outgroup. Numbers above clades are the posterior probability (PP) and bootstrap values (BP) respectively with PP \< 0.50 and BP \< 50 not displayed. Numbers below clades indicate the divergence time as well as their 95% highest posterior density (HPD). (Right) Median-joining network of haplotypes inferred from different datasets: (a) cpDNA; (b) *PHYP*; (c) N3. Color and size of pies correspond to haplotypes and proportion of individuals respectively.Fig. 3

Consistent topologies were generated by Maximum Parsimony and Bayesian inference based on the haplotypes. The results showed most haplotypes from each dataset formed separate comb-like cladograms with poor support values due to insufficient informative sites ([Fig. 3](#fig3){ref-type="fig"}). Taking this into consideration, the estimated divergence times were somewhat unconvincing, even though Bayesian analysis using either cpDNA, *PHYP* or N3 data indicated that the divergence times between *C. panzhihuaensis* and the outgroup *C. guizhouensis* were 10.38 Ma, 4.07 Ma and 3.19 Ma respectively. Inferences of the divergence times in the crown node of haplotypes were 2.24 Ma, 2.24 Ma and 1.31 Ma from corresponding datasets, and the estimated times among different haplotypes on the internal divergence node were 0.03--0.86 Ma ([Fig. 3](#fig3){ref-type="fig"}). This indicates the divergence among haplotypes occurred in the Early Pleistocene.

3.5. Neutrality test, mismatch analysis and the Bayesian Skyline Plot {#sec3.5}
---------------------------------------------------------------------

The Tajima\'s D and Fu\'s Fs test based on cpDNA displayed positive values, suggesting a historical contraction of *C. panzhihuaensis* population, although only the Fu\'s Fs value was significant. The mismatch distribution under stable populations model displayed multimodal curves for cpDNA, indicating the demographic equilibrium of populations ([Fig. 4](#fig4){ref-type="fig"}a--c). For nDNA, non-significant negative Tajima\'s D and Fu\'s Fs ([Table 4](#tbl4){ref-type="table"}), and unimodal mismatch distributions, were detected from both *PHYP* and N3, suggesting a history of population expansion. Non-significant SSD and raggedness index showed that the unimodal model could not be rejected, except the SSD value of *PHYP*.Fig. 4Mismatch distribution plots and Bayesian Skyline Plots of *C. panzhihuaensis* based on different datasets. (a--c) Mismatch distribution plots based on different datasets: (a) cpDNA; (b) *PHYP*; (c) N3. Multimodal graphs indicate demographic equilibrium and unimodal graphs often indicate population expansions. (d--f) The plots reflect the effective population size fluctuation over time. (d) cpDNA; (e) *PHYP*; (f) N3. Black lines: median estimation; area between blue lines: 95% confidence interval; Red lines: horizontal lines for reference.Fig. 4Table 4Parameters of neutrality tests and mismatch analysis based on cpDNA and nuclear genes of *C. panzhihuaensis*.Table 4MarkerTajima\'s DFu and Li\'s DFu and Li\'s FFu\'s FsSSDRcpDNA0.493,3251.82,7381.59,99913.6480.061860.16,882*PHYP*−1.19,639−0.06795−0.52,146−2.0210.20,020\#0.34,830N3−0.19,0001.17,8490.84,329−2.7910.009200.11,837[^4]

The Bayesian Skyline Plot of different datasets showed a coherent relatively stable (cpDNA) or a slightly increasing trend (nuclear genes) of population size in history, which is consistent with the results of the neutral test and mismatch analysis. In addition, a slight, recent decline about 5000 years ago was detected ([Fig. 4](#fig4){ref-type="fig"}). The Wilcoxon and Sign tests revealed significant differences for populations DSS, JP and SL, and the shifted mode was confirmed by the mode-shift test for DSS and JPD ([Table 5](#tbl5){ref-type="table"}), suggesting these populations had experienced severe bottleneck events, which may have contributed to the slight decline in the BSP result. Furthermore, the Garza-Williamson indices of every population were below 0.68 ([Table 5](#tbl5){ref-type="table"}), indicating a relatively early reduction in population size.Table 5Bottleneck analysis and Garza-Williamson index based on microsatellite loci from seven populations of C. *panzhihuaensis*.Table 5PopulationTPMSMMMode shiftGarza-Williamson indexSign testWilcoxon testSign testWilcoxon testDSS0.01328\*0.00073\*\*0.01422\*0.02100\*shifted mode0.45,034PDH0.08215\*0.17,4800.43,8460.51,953L-shaped distribution0.41,138PZH0.34,2740.57,7150.33,6210.70,020L-shaped distribution0.43,259WQ0.22,8120.06738\*0.47,5640.36,523L-shaped distribution0.39,331SL0.02812\*0.00098\*\*0.02932\*0.00684\*\*L-shaped distribution0.45,275JPD0.02284\*0.00342\*\*0.03018\*0.00684\*\*shifted mode0.39,471GH----------0.34,077Mean----------0.41,083[^5]

4. Discussion {#sec4}
=============

4.1. *C. panzhihuaensis* populations have high levels of genetic diversity but no significant genetic structure {#sec4.1}
---------------------------------------------------------------------------------------------------------------

The total genetic diversity of *C. panzhihuaensis* populations estimated by cpDNA was 0.881, which is higher than the mean value of total genetic diversity (*H*~T~ = 0.67) for 170 plant species ([@bib46]). This indicates that *C. panzhihuaensis* has a high level of genetic diversity. We found that, based on cpDNA analyses, the genetic diversity and fixation index of *C. panzhihuaensis* (*π* = 0.00259; *Hd* = 0.8033; *F*~ST~ = 0.866) was similar to those of previously reported Asian inland *Cycas* species (*π* = 0.0009--0.0038; *Hd* = 0.492--0.940; *F*~ST~ = 0.6982--9980, [@bib90]). Our finding is in accordance with previous studies on *C. panzhihuaensis* (*π* = 0.0038; *Hd* = 0.571; *F*~ST~ = 0.7903, [@bib83], unpublished). This may because Asian *Cycas* are long-lived dioecious gymnosperms.

Earlier studies reported that *C. panzhihuaensis* populations have higher genetic diversity than other inland *Cycas* species, suggesting that *C. panzhihuaensis* populations possess more ancestral polymorphisms ([@bib77]). However, our results contradict these findings. The total percentage of polymorphic loci and expected heterozygosity that we calculated for *C. panzhihuaensis* using SSRs (*%P* = 72.73%, *H*e = 0.328) were similar to other *Cycas* species (*%P* = 66.67--94.12, aver. 87.19, *He* = 0.2470--0.5430, aver. 0.4416, [@bib90]). Apparent discrepancies between our values for polymorphic loci and expected heterozygosity for *C. panzhihuaensis* and those of earlier studies may be due to differences in study design. In our study, all known populations of *C. panzhihuaensis* were screened for SSRs, cpDNA, and nDNA markers. Earlier studies that reported higher genetic diversity for *C. panzhihuaensis* used only one population and relied on AFLP and ISSR markers (*%P* = 94.12%, *H*e = 0.335, [@bib77]; and *%P* = 90.38%, [@bib69]).

Previous studies have shown that genetic variation is strongly influenced by large geographical distances between sampled populations ([@bib52]). The inland Asian *Cycas* species, which have similar habitat, morphological traits, life history, and reproductive characteristics, share similar genetic traits, e.g., lower levels of genetic variation and significant genetic differentiation among populations ([@bib90]). In contrast, although *C. panzhihuaensis* seems to have diverged much earlier than other *Cycas* species and occupied larger *N*c and narrower distribution area, we found no significant differentiation between this species and other inland Asian *Cycas* species. Furthermore, *C. panzhihuaensis* genetic variation differs from that of two coastal species (*C. revoluta* and *C. taitungensis*) that have been shown to be sister to *C. panzhihuaensis* ([@bib41]); these two coastal species display much higher genetic diversity (*π* = 0.0127--0.0581; *Hd* = 0.959--0.998; *F*~ST~ = 0.056--0.864. [@bib3], [@bib26]).

Southwest China is a known hotspot of biodiversity where the terrain complexity has produced unique and diverse climate types ([@bib44]). The Jinsha River dry hot valley provided refugia for various surviving species in the Quaternary glaciations ([@bib16], [@bib86], [@bib87]), including the ancestors of *C. panzhihuaensis*. Unlike previous studies of inland *Cycas* species ([@bib39], [@bib79], [@bib89]) or the sympatric species distributed in the dry and hot valley of Jinsha River, e.g., *M*. *delavayi* ([@bib29]) and *Nouelia insignis* ([@bib16]), our study of *C. panzhihuaensis* detected no significant population genetic structure, which is consistent with previous studies on this species ([@bib69], [@bib77], [@bib83]). Furthermore, the phylogenetic relationships and median-joining networks of *C. panzhihuaensis* haplotypes showed neither a center of significant genetic diversity nor migration routes between populations. The distribution pattern of *C. panzhihuaensis*, which differs from other species, has yet to be explored in depth.

Our estimates of gene flow inferred from DNA datasets were lower than the critical value 1 ([Table 3](#tbl3){ref-type="table"}), indicating that intraspecific gene flow between *C. panzhihuaensis* populations is low. As chloroplast genomes of *Cycas* are maternally inherited, whereas nuclear genomes are biparentally inherited, thus reflecting seed flow and pollen flow, our finding that the chloroplast *F*~ST~ was higher than the nuclear DNA and SSR *F*~ST~ ([Table 3](#tbl3){ref-type="table"}) indicates that in *C. panzhihuaensis* pollen flow is much greater than seed flow. This also explains AMOVA results why cpDNA analyses indicated that there was more genetic variation between populations and less genetic variation within populations, whereas nuclear DNA and microsatellites indicated the opposite.

On the other hand, the dispersal of *C. panzhihuaensis* seeds, which are sinkable and large (\~2.5 cm), mainly relies on gravity. Up to 98.5% of these gravity-dispersed seeds tumble less than 10 m away from mother plants ([@bib20]), which increases the chances of inbreeding within populations. In rare cases, *C. panzhihuaensis* seeds are dispersed long distances; this long-distance dispersal has been attributed to the squirrel-like northern tree shrew, *Tupaia belangeri* ([@bib82]). Our field survey of *C. panzhihuaensis* found few seedlings in most populations; hence, we reason that pollination and seed dispersal barriers may be one of the reasons that *C. panzhihuaensis* has relatively low natural fruiting and germination rates in the wild.

4.2. Demographic history of *C. panzhihuaensis* {#sec4.2}
-----------------------------------------------

Historical demographic dynamics inferred from genetic data provides an indication of how do habitat loss, landscape changes, and climate changes affect population viability ([@bib60]). According to our results, most of the private haplotypes were found in WQ, SL, GH, which are small populations located on the boundary of the distribution range. This may be due to limited seed flow among populations of *C. panzhihuaensis*, which has resulted in multiple evolutionary lineages in different isolated locations. As we did not detect significant demographic contractions in entire species using Bayesian skyline plots or mismatch distribution estimates ([Fig. 4](#fig4){ref-type="fig"}), AMOVA analyses showed that gene flow between *C. panzhihuaensis* populations was low, suggesting that the ability of *C. panzhihuaensis* to migrate is weak. Taken together, these findings suggest at some point in their history these three small populations underwent contraction and experienced rapid adaptive evolution due to the geographical and climatic complexity of their distribution range. According to this hypothesis, small populations should be regarded as essential sources of genetic diversity. Peripheral populations, which tend to be less affected by gene flow and more likely to preserve unique genetic lineages, may be more likely to adapt to the colonized habitat and expand the distribution boundaries of species due to their exposure to different selection pressures ([@bib1], [@bib33]). Furthermore, these genetic variations will exist as potential candidates for new adaptive traits.

In terms of population divergence, despite the unclear dating results from BEAST, our results indicate that *C. panzhihuaensis* has experienced haplotype differentiation from ca. 0.03 Ma to 2.24 Ma in the Early Pleistocene, which is consistent with the conclusions of [@bib77], who estimated that *C. panzhihuaensis* populations grew from ca. 0.08 Ma - 1.6 Ma. Our results are also consistent with the haplotype divergence time estimation of other inland Asian *Cycas* species, e.g., *Cycas* *chenii*, 0.030 Ma - 1.175 Ma ([@bib79]); *C. guizhouensis*, 0.048 Ma - 1.334 Ma ([@bib10]); *Cycas* *diannanensis*, 0.075 Ma - 2.525 Ma ([@bib39]). Affected by climate oscillation, small populations of these Cycas species were formed and isolated during the Quaternary ice age ([@bib90]). Furthermore, instead of retaining distinct ancestral haplotypes, the populations of *C. panzhihuaensis* from isolated mountains or valleys diverged significantly from each other and maintained their private haplotypes. This genetic heterogeneity from isolated regions may also be caused by the frequently altered alpine landforms of inland Asia ([@bib88]).

Given that no significant correlations were found between genetic and geographical distance of *C. panzhihuaensis* populations, we deduced the ancestor lineages of *C. panzhihuaensis* might have formed an interconnected population in the Jinsha River basin before or during the Early Pleistocene, which was subsequently isolated to form several fragmented populations, each of which has possibly experienced a loss of ancestral polymorphisms, resulting in the random and unordered genetic structure pattern of extant populations. The revealed Garza-Williamson index below 0.68 can be one of the consequences of population declines. As a result, populations SL, DSS and JPD appear to have undergone serious bottleneck events, especially the latter two.

Although the results of the neutral test and mismatch analyses were not significant, the demographic dynamics these analyses revealed when we used cpDNA suggest that *C. panzhihuaensis* populations have undergone recent bottleneck events, whereas our analyses based on nDNA showed evidence of possible population expansions ([Table 4](#tbl4){ref-type="table"}; [Fig. 4](#fig4){ref-type="fig"}).

This population growth scenario of *C. panzhihuaensis* is supported by previous research ([@bib77]). Similarly, the results of the Bayesian skyline plot (BSP), which are consistent with the results of the neutral test and the mismatch distribution based on nuclear genes, also showed a slight increase in the *C. panzhihuaensis* population at some point in its history; in contrast, when chloroplast DNA was used in this same method, our results showed a stable population size over time ([Fig. 4](#fig4){ref-type="fig"}). The contradiction of results between cpDNA and nDNA results may be due to differences in their genomic backgrounds, each of which have been exposed to different selective pressures by repeated climatic oscillations of the Pleistocene ([@bib53], [@bib86]).

Furthermore, the Garza-Williamson indices indicate a relative early reduction in population size. The results of the mode-shift test and the significant difference between TPM and SMM indicate that populations SL, DSS and JPD have experienced severe bottleneck events ([Table 5](#tbl5){ref-type="table"}). Results of the Bayesian Skyline Plot imply that population decline events occurred in the past five thousand years ([Fig. 4](#fig4){ref-type="fig"}). Therefore, Holocene climate fluctuations in the dry-hot valley of the Jinsha River seem to have affected the population size of *C. panzhihuaensis*, especially the northeastern populations (SL, DSS and JPD).

4.3. Implications for conservation {#sec4.3}
----------------------------------

To successfully conserve endangered species, it is often insufficient to raise the abundance of offspring. Maximum genetic diversity must be maintained as it partially drives evolutionary potential ([@bib9], [@bib31], [@bib37]). Our estimated value of the effective population size (*N*e) for population PZH is only 17.6 ([Table 2](#tbl2){ref-type="table"}), despite its considerable *N*c. The value is lower than but close to the previous study (Mode: 29.369, Median: 30.750, [@bib77]). We estimate that the total *N*e for *C. panzhihuaensis* is 39, which indicates that the current conservation efforts are far from effective. Generally, if a species has a total *N*e lower than 50, inbreeding depression cannot be prevented over five generations in wild plants ([@bib13]). To completely avoid inbreeding (*N*e \> 100), conservation efforts should protect as much genetic diversity as possible.

Genetic diversity is not often correlated with population size in cycads, and the longevity cycads as well as their overlapping generations allows rare alleles to remain within the populations for longer periods of time ([@bib28]). This is consistent with our finding that the genetic diversity of large populations was not as high as expected in *C. panzhihuaensis*, whereas small and unprotected populations possessed unexpectedly higher genetic diversity. The high *N*c of population PZH suggests that the PZH population is the center of the *C. panzhihuaensis* refugium. However, although the current and past distribution areas of populations WQ and GH are far smaller than that of PZH, the haplotype diversity is higher in these populations than in PZH ([Table S1](#appsec1){ref-type="sec"}).

Small populations of *C. panzhihuaensis* have been suffering from severe exploitation and habitat loss ([@bib24]). For example, before large-scale collection, population SL had an area of 20 hm^2^ that contained 2000 adult individuals in 1979. Currently, there are fewer than 20 individuals remaining ([@bib66]). PDH and PZH are the only two populations containing more than 100 adult individuals, but both populations are still threatened by deforestation from mining and grazing. Excluding the PZH population, the habitat of the existing six isolated populations is fragmented and most of their restricted individuals are young, which leaves populations vulnerable to extirpation by demographic stochasticity, as well as environmental or reproductive disturbance ([@bib59]). Only populations PDH and PZH are effectively protected at present; therefore, the unprotected haplotypes of cpDNA, nDNA *PHYP* and N3 accounted for 90%, 80% and 63.6% of the total haplotypes, respectively ([Table S1](#appsec1){ref-type="sec"}, [Fig. 3](#fig3){ref-type="fig"}), and the threatened effective population size accounted for 53.58% of the total effective population size. Given the current threat of extinction to these small populations, much more attention should be paid their protection.

Although genetic diversity of populations is directly related to population size, some studies have suggested that the reduction of genetic diversity in small populations may be slower than expected. As it was suggested, large population declines do not immediately result in great losses of genetic diversity and population instability ([@bib58]). For example, this may be because soil seed banks serve as a genetic resource ([@bib43]). A meta-analysis indicated that the adaptability of small groups is not necessarily lower, and small groups are not necessarily subject to more significant selection pressure ([@bib72]). On the other hand, the proportion of genetic diversity within species may be unevenly concentrated in small populations through models ([@bib51]). This undoubtedly gives us hope for the future of small populations and raises the value of their conservation.

The criteria for selecting priority protected populations must include the uniqueness and diversity of the population, particularly in its allelic composition ([@bib47]). For *C. panzhihuaensis*, given the distinct private haplotypes of SL, PZH, WQ and GH, and the estimated genetic clustering obtained by STRUCTURE analyses ([Fig. 2](#fig2){ref-type="fig"}c), five evolutionary significant units (ESUs) combining JPD and PZH, DSS and GH separately were defined and should be protected separately as independent management units (MUs) ([@bib18]). Results of PCoA almost matched this relation as the clustering discrepancy of the WQ population may be due to the limitations of two-dimensional principal coordinate analysis. In situ conservation should be implemented as it can effectively reduce the high risk of genetic erosion to small populations. Because the dry-hot valley of the Jinsha River is a fragile ecosystem that has experienced serious artificial disturbance, and the entire range of dispersed populations of *C. panzhihuaensis* are difficult protect, ex-situ conservation is likely to be the most effective approach to preserving genetic diversity. It is imperative and urgent to collect seeds from these populations for nearby reserves or botanical gardens while ensuring the sustainability of in situ conservation ([@bib19]). Interbreeding between JPD and PZH, as well as DSS and GH, may considerably improve the genetic variation of these MUs([@bib34]). The smallest populations of *C. panzhihuaensis* (SL, WQ, GH, JPD, and DSS) should be protected. Specifically, suitable habitat should be evaluated; then these populations should be reconstructed and recovered at appropriate localities. This will restore the viability and evolutionary potential of these populations and help to avoid the adverse effects of small populations.

5. Conclusions {#sec5}
==============

Our study on the population genetics of *C. panzhihuaensis* revealed a divergence period and pattern of genetic diversity similar to other Asian inland cycad species, but a non-significant phylogeographic structure, which may be attributed to rapid in-situ evolution driven by limited seed flow. These findings suggest that population of *C. panzhihuaensis* may have been widely distributed in the dry hot valley of the Jinsha River before the Pleistocene; however, subsequent population expansions and contractions during the glacial--interglacial cycles of the Early Pleistocene reduced ancestral genetic polymorphisms and formed randomly isolated populations at present. Furthermore, it cannot be neglected that the sum of *N*e in small populations with 1% of total individuals is equal to a large population with 99% of total individuals, suggesting the necessity and urgency to conserve those populations with small size, which deserve due attention in future studies. For conservation guidelines, we defined five ESUs for *C. panzhihuaensis* in this study and three of them are small and unprotected populations which require special and imperative protection efforts.

Author contributions {#sec6}
====================

Conceived and designed the experiments: Xun Gong, Yunheng Ji. Performed the experiments: Siyue Xiao. Analyzed the data: Siyue Xiao. Collected samples: Yunheng Ji. Wrote the paper: Siyue Xiao, Jian Liu.

Declaration of Competing Interest
=================================

The authors declare that they have no conflict of interest.

Appendix A. Supplementary data {#appsec1}
==============================

The following is/are the supplementary data to this article:Multimedia component 1Multimedia component 1

This work was supported by the National Key R & D Program of China (2017YF0505200). The authors thank Fangming Zhang for her assistance with plant sampling, and Xiuyan Feng, Rui Yang and Yujuan Zhao for their help and discussion of data analyses.

Peer review under responsibility of Editorial Office of Plant Diversity.

Supplementary data to this article can be found online at <https://doi.org/10.1016/j.pld.2019.10.001>.

[^1]: ***Hd***: Haplotype (gene) diversity; ***π***: Nucleotide diversity; ***H***~**S**~: Sequence diversity within population; ***H***~**T**~: Total sequence diversity; ***G***~**ST**~, ***N***~**ST**~: The coefficient of genetic differentiation for non-ordered alleles.

[^2]: ***N***: sample size, ***N*a**: number of alleles, ***N*e**: number of effective alleles, ***I***: Shannon\'s index, ***H*o**: observed heterozygosity, ***H*e**: expected heterozygosity, ***F***: fixation index, ***%P***: percentage of polymorphic loci. *N*e of population JPD and GH could not be detected because of the insufficient sample size.

[^3]: **d.f.**: degrees of freedom; ***F***~**ST**~: fixation index; ***N*m**: gene flow = (1-*F*~ST~)/4\**F*~ST~.

[^4]: **SSD**: the sum-of-squared deviations; **R**: raggedness index; **\#**: P \< 0.05 significant difference.

[^5]: **\***: P \< 0.05, significant difference; **\*\***: P \< 0.01, highly significant difference. Indices of population GH could not be detected by Bottleneck analysis because of its insufficient sample size.
